Ice distribution in a cathode catalyst layer of a polymer electrolyte membrane fuel cell is investigated during the process of cold start operation using a cryo-SEM. The observation results show that at higher startup current densities, ice grows from the membrane side to the gas diffusion layer side and that this becomes more pronounced when increasing the current density, while the ice distribution in the cell is nearly uniform at a lower current density. The ice formation processes observed by the cryo-SEM are analyzed using three-phase boundary and catalyst layer models, and the freezing mechanism at cold starting is discussed.
Introduction
The polymer electrolyte membrane fuel cell (PEFC) is considered a candidate for automotive power sources and electricity generators for domestic use. However, low-temperature startability issues of PEFCs remain as an obstacle in need of solution for the use of PEFCs in cold regions. Freezing of water produced by the cathode reaction may induce a shutdown at cold starting in below-zero temperatures, and this freezing mechanism has not been fully elucidated.
Some experimental studies have been conducted to understand the freezing phenomena. At temperatures closer to zero, like -10°C, it was reported that the produced water is present in a supercooled state, and that the freezing behaviour in a PEFC can be visualized by infrared thermography; and it was possible to capture the 2-dimensional propagation in the high-temperature region caused by the release of heat due to freezing [1] . A cyclic voltammetry study on the degradation of the electrochemically active Pt area of the cathode catalyst layer due to the ice formation was conducted during and post-subzero startup of a PEFC [2] . Tajiri et al. proposed a strict gas purge process before cold start operation, and estimated the ice distribution in the cathode catalyst layer at the end of cold starting at -30°C at low and high current densities [3, 4] . Cryo-SEM observations have also been conducted to elucidate further details of the ice distribution in the catalyst layer at -25°C or -20°C; these observations were carried out with the examined components kept at very low temperature and in vacuum conditions to avoid thawing and covering by frost deposits [5] [6] [7] . Thus, the characteristics of the cold start using specific cells and startup temperatures, and the effects of the water freezing in the cell on the performance deterioration, have been reported. Further research, however, is necessary to clarify the effects of the startup temperature on the cold start characteristics with the operating conditions strictly controlled by gas purging before the cold start, because the characteristics of the operation here are strongly affected by the initial residual water inside the cell [4] . Recently, the authors clarified the effect of the startup temperature on the cold start characteristics and the freezing mechanism; it was shown from the direct observation of the disassembled cell components below freezing that the cold start at -10°C makes ice at the interface between the cathode catalyst layer (CL) and the gas diffusion layer, whereas ice is formed inside the cathode CL at -20°C [8] .
The objective of this study is to clarify the ice formation mechanism inside of the cathode CL in the cold start at -20°C in more detail by two approaches: one is the observation of the cross-section of the CL by cryo-SEM, and the another is the investigation of the reaction rate inside of the CL using the threephase boundary and cathode CL models developed by the authors [9] . The effects of the operation time and the current density on the ice distribution inside of the CL are discussed.
Experimental apparatus and methods
An outline of the single cell with an active area of 25 cm 2 (5 cm 5 cm) used in this study is shown in Fig. 1 . A catalyst-coated membrane (CCM) with a 30 m thick polymer electrolyte membrane and two 10 m thick catalyst layers (CLs) were sandwiched between the gas diffusion layers (GDLs), separators with gas flow channels, electricity collectors, and the end-plates on the cathode and anode sides. Here, 0.2 mm thick carbon paper with a microporous layer on the CCM side was used for the GDLs, and straight channel carbon separators were placed on both sides of the GDLs. The widths of the channels and lands were 1.0 mm, and the channel height was 0.5 mm. The thicknesses of the copper electricity collector overlaid with gold and the stainless-steel end-plates were 3.0 mm and 15.0 mm, so the heat capacity per reaction area of the cell is much larger than that of an ordinary PEFC stack. Thus, the cell temperature controlled by the ambient temperature can be kept fairly constant (isothermal) during the cold start operation in low output conditions. Thermocouples for measuring the cell temperature on both separator surfaces at the electricity collector sides were installed.
Experiments were divided into two processes: the cold start in a thermostatic chamber, and the observation in a cryo-SEM unit. The procedures of the experiment are outlined in Fig. 2 . Because the initial residual water strongly affects the cold start characteristics [4] , the initial conditions of the water in the cell before the cold start were carefully controlled by the procedure described next. After an aging process to enhance the performance of an unused CCM, a dry purge with dry nitrogen until the measured cell resistance increased to a specific value was conducted to remove the liquid water in the cell, followed by a wet purge with humidified nitrogen to achieve an equilibrium state of the CCM until the resistance was maintained at a steady level for about 5 hours. In this paper, 24% relative humidity nitrogen gas was used: a bubbler temperature of 32°C and cell temperature of 60°C. After the wet purge and cooling the cell and the chamber temperatures to the temperature of the experiment, -20°C, cell operation was initiated and continued at a constant current density until the operation shut down, the point where the cell voltage dropped away completely. The anode and the cathode supply gases were dry hydrogen and dry air. The cell resistance was measured by an alternating impedance meter at 1 kHz, and the cell voltage and resistance as well as the temperatures of the cell and the supply gas were recorded on a computer.
For the cryo-SEM observation, the sample of the CCM and the GDLs, removed from the cell was quickly put into liquefied nitrogen in the chamber. The sample was cut and the approximately 8 mm 5 mm piece of the sample was set into a sample holder in the liquefied nitrogen. Then, the sample was moved to a preparation chamber at about -150°C in the cryo-SEM, and the chamber was set to vacuum. Finally, the sample was cut by a cold knife in the chamber, where the vacuum condition prevented the cut section area of the sample from being frosted. The cut section area was coated with gold-palladium alloy (Au-Pd) for clear observation, and then transferred to the SEM stage equipped with a cryo-unit. The electron beam was used with an acceleration voltage of 5 kV.
Analysis model and formulation
To estimate the reaction rate inside of the cathode CL, the simplified agglomerate model developed by the authors [9] was applied as the model for the cathode three-phase boundary and CL. It was assumed that a platinum-supported carbon agglomerate is covered with a uniform thick polymer electrolyte as shown in Fig. 3(a) , and that the cathode reaction occurs only due to dissolved oxygen in the polymer at the carbon agglomerate surface. Further, it was assumed that all of the platinum (Pt) catalyst contributes to the reaction and also that the mass transport losses inside the carbon agglomerate are negligible. Fig.  3(b) shows a schematic diagram of the cathode CL model; here identical carbon agglomerates with polymer electrolyte film (as in Fig. 3(a) ) are dispersed uniformly in the catalyst layer [9] .
The change in the proton current density in the catalyst layer, i H+ , can be calculated by Eq. (1) from the balance of generated current and oxygen consumption, J O2
CL eff
Here, F is Faraday's constant, n ag is the number density of carbon agglomerates, and S ag is the surface area of one carbon agglomerate. The change in the cathode overpotential, , corresponds to the voltage decrease due to the proton transport, and it is expressed by Eq. (2), using the proton current density, i H+ , and the effective proton conductivity, eff,CL . The oxygen consumption, J O2 ag , corresponds to the oxygen diffusion flux at the carbon agglomerate surface in the radial direction, and J O2 ag was calculated by Eqs. (3) and (4) 
Here, C O2 g is the oxygen concentration in the gas phase at the polymer surface, is the ratio of the oxygen concentration in the polymer to that in the gas phase, r ag is the radius of carbon agglomerate, p is the thickness of polymer electrolyte film, k disso is the dissolution rate constant [10] , D O2 p is the oxygen diffusion coefficient in the polymer, k ORR is the reaction constant of the oxygen reduction reaction per the unit effective reaction area, and R AAR is the utilization ratio of the reaction area at the agglomerate surface. The first, second, and third terms in the brackets on the right-hand side of Eq. (3) represent the oxygen dissolution resistance, the diffusion resistance in the polymer, and the reaction resistance at the reaction site of the agglomerate surface, respectively. The utilization ratio, R AAR , with the ice amount, m ice , was given by the results of cyclic voltammetry measurements [2] ; here it was assumed that the water freezes immediately at the z position of the reaction site after it is produced by the cathode reaction.
The oxygen concentration in the CL pores was calculated from the conservation equation for the oxygen by Eq. (5):
Here, D O2 eff,CL is the effective diffusion coefficient of oxygen in the gas phase of the CL, and 2 O is the oxygen consumption rate. The oxygen effective diffusion coefficient was given using the reference value, D O2 ref,g , based on the literature [11] and the effects of the porosity and the tortuosity of the CL, changing due to ice formation, by Eq. (6). The maximum ice capacity of the CL, m ice max , and the effective factor, , were set 0.65 10 3 mg/cm 3 and 1.5, respectively.
Results and discussion

Characteristics of cold start
The cold start characteristics, the cell voltage changes, for various current densities at -20°C are shown in Fig. 4 . The applied current densities were initially increased for 80 seconds, followed by constant values. After minimums around 80 seconds, the cell voltages increase gradually and approach steady values. This is because the water produced by the cathode reaction humidifies the polymer electrolyte membrane due to back-diffusion. After the end of the membrane rehydration, the cell voltages fall off and operations stop due to the freezing of the water produced in the cell. Table 1 lists the amounts of residual water estimated to be generated during the total operation and from the end of the membrane rehydration until the shutdown. The period of the membrane rehydration was defined as the period when the cell resistance was decreasing, and the amount of residual water was estimated as the produced water minus the water removed by the reactant gas [8] . It can be assumed that all of the residual water is absorbed by the membrane during the beginning membrane rehydration period, whereas the residual water is released and freezes in the cathode CL after the end of the membrane water uptake, and this ice disrupts cell operation. It is shown that the higher operating current densities reduce the estimated amount of residual water after the membrane rehydration. The results suggest that at higher current densities the effect of the ice formed at the cathode side on an increase in the concentration overpotential becomes larger, and the capacity of the cathode components to maintain the ice without a shutdown decreases.
Cryo-SEM observations
To investigate the ice formation process, the cross section of the CL was observed by cryo-SEM. The cryo-SEM images were obtained from different experiments and digitized to quantify the amount of freezing water; in the images, the ice shows up as white regions, and the pores and the carbon agglomerate show up as black regions. Fig. 5 shows the CL images in the cold start at 0.04 A/cm 2 . Fig. 5(a) is an image just after the end of the membrane rehydration, and larger amounts of ice are observed near the membrane interface. In the image after the shutdown, Fig. 5(b) , the ice formation has spread to the region near the GDL interface. These ice formation patterns indicate that ice grows from the Table 1 . Amount of residual water generated in the overall operation and after the membrane rehydration.
membrane side to the GDL side, and suggest that the distribution of the reaction rate inside the CL changes with time by the ice formation during the operation process. Fig. 6 shows the CL images in the cold start at (a) lower current density, 0.01 A/cm 2 , and (b) higher current density, 0.08 A/cm 2 , after shutdown. At the lower current density, ice covers all of the area over the pores of the CL. Images from early in the freezing period also confirmed that the ice distribution at 0.01 A/cm 2 is nearly uniform, even early in the freezing process, indicating that the distribution of the reaction rate in the CL is kept nearly uniform throughout the freezing process. At the higher current density, larger amounts of ice are finally present near the GDL interface, as in Fig. 6(b) . The amount of produced ice in the CL at 0.08 A/cm 2 is smaller than that at the lower current density, and empty pores remain even after the shutdown. These observation results correspond to the cold characteristics in Table 1 , and we may conclude that the ice formation process inside the cathode CL depends on the startup current density, and that the distribution becomes more uneven at higher current densities. Fig. 7 is a calculated result of the distribution of the normalized initial reaction rates in the CL for various current densities, I = 0.01 to 0.12 A/cm 2 , without the effect of ice formation. These reaction rates correspond to the water production rates early in the freezing period. It is shown that the reaction rate becomes higher near the membrane interface at higher current densities. This is because the resistance of the oxygen reduction reaction is a dominant factor in the range of relatively low current densities at cold starting, and the higher reaction rate near the membrane interface is caused by more plentiful proton supply from the anode side through the membrane. The significant decrease in the proton conductivity of the polymer electrolyte below freezing leads to the larger distribution differences, and this produces the larger amount of ice near the membrane interface early in the freezing period, as shown in Fig. 5(a) .
Model analysis
Next, an analysis considering the effect of ice formation in the CL was conducted by applying the freezing model of Eqs. (4) and (6) . However, the decrease in the calculated cathode overpotential due to the ice formation is small, and the cell can operate until the amount of produced ice reaches the maximum ice capacity of the CL, even at the higher current densities. Then, we comprehensively examined the effects of the startup temperature, the water contents distribution of the CL polymer at the end of the membrane rehydration (start of freezing), and the ice formed on the polymer surface by the experiments and with the model analyses. The results indicate that the change in oxygen concentration in the CL pores dominates the cold start shutdown and the ice distribution late in the freezing period, and the actual effective oxygen diffusion coefficient is smaller than that estimated by Eq. (6). This is because the effects of tortuosity change due to the ice formation, and decreases in the oxygen diffusion coefficient in the CL due to the low temperature were underestimated in the previous simulations. Overall, we may conclude that the blocking of the oxygen diffusion is the dominant factor to the shutdown of the cell and in the ice distribution at cold starting, and that an accurate estimation of the effective oxygen diffusion coefficient during cold starting is a significant challenge for the future to evaluate the ice formation process.
In this paper, as a simple example, the change in ice amounts in the CL was investigated with decreased effective oxygen diffusion coefficients in the pores, D O2 eff,CL /40. Fig. 8 (100 s to 600 s and 10 s to 45 s) is the time from the start of the freezing with saturated water contents in the polymer. At 0.01 A/cm 2 , the ice distribution is relatively uniform in the CL throughout the process in Fig. 8(a) , and this corresponds to the experimental results, as shown in Fig. 6(a) . At 0.08 A/cm 2 , the concentration overpotential becomes more dominant as the ice amount increases, and finally a larger amount of ice is formed near the GDL interface (Fig. 8(b) ). This is because the oxygen concentration near the membrane interface decreases drastically due to blocking by the ice near the GDL interface, and the effect increases at the higher current density. The large distribution differences of oxygen concentrations in the CL pores produce the final ice distribution in Fig. 6(b) at 0.08 A/cm 2 .
Conclusions
The distribution of ice and reaction rates in the cathode CL during the process of cold starting was investigated using cryo-SEM observation and model analysis. The observations show that ice is formed from the membrane side and spreads to the GDL side in the CL, and that this progression becomes more pronounced at higher current density. The simulated results show that large reductions in proton conductivity below freezing make the proton supply dominant in the reaction distribution, and that larger amounts of ice are formed near the membrane interface early in the freezing period. At higher current density, more ice is finally formed near the GDL side. This is estimated by model analysis to be due to increases in the oxygen diffusion resistance in the CL pores due to ice formation under low-temperature conditions.
